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In  recent years the development of  high speed a i r c r a f t  and 
missf les  has shown the  hpor tance  of t he  e f f e c t s  of comyressibility 
and heat  t r ans f e r  on boundary layer  floof and hence on drag. The 
general problem i s  a highly complex one and involves processes l i k e  
turbulence and shock mves i n  a r e a l  f lu id .  Such phenomena pose 
formidable theore t ica l  d i f f i c u l t i e s  f o r  an solution of  
the  drag problem ( f o r  theore t ica l  worl.; on the  subject see Refs, 1 
and 2 ) .  I n  the  case of shock f r e e  laminar flow the  meohanism of the 
resistance experienced by a given body i s  f a i r l y  well understood md 
t h e  d i f f i c u l t i e s  a re  mainly of a. mathematical nature.  3YLe case of 
turbulent  flow, however, involves oonceptual d i f f i c u l t i e s  i n  addit ion 
t o  mathematical ones. Under such circumstanues the  ro l e  o f  oxperi- 
menix is a vi ta l  one. They provide evaluation of e x i s t i n s  theory and 
contribute t o  a general understanding o f  t h e  phenomenon o f  drag a t  
high speeds, The quanti ty of most s ignif icance,  in many cases, f o r  
p r ac t i c a l  reasons and theore t ica l  ana lys i s ,  i s  the  viscous shewing 
s t r e s s  on t h e  surface o f  R body moving through a f lu id .  For reasons 
of simplicity the case of flow pas t  a t h in  f l a t  s7.wface i s  usual ly  
8-hgled out f o r  c lose  examination. fn experjrnental terms t h i s  in- 
volves de ta i l ed  boundary layer  s tud ies  on a t h i n  flat p la t e  i n  a wind 
tunnel. Bow bosrndary l ayers  i n  high speed flow are extremely thin. 
A laminar bomdaz-y layer a t  atinospherio s t s g m t i o n  cozdit ions at 
6 
a EtIach number 1.4 and Reynolds number 1 10 , on n 10 cm. long f l a t  
p la te ,  i s  o f  the  order of' 1/2 m thick and a turbulent  boundary layer 
under s i -d la r  conditions i s  about 1 nm th ick .  Hence accurate 
determination of' skin f r i c t i o n  by t h e  rneasurernent o f  ve loc i ty  pro- 
files i s  very d i f f i c u l t  and the accuracy questionable. The develop- 
ment of an instrument f o r  d i r e c t  measurenents of the l o c a l  f r i c t i o n  
force i s  reported here. 
11. EXPERI?IIENTELE EAETHODS OF SKIN FRICTION TdEASURZ~NT 
Under t h e  assumption o f  continuum flow and n o - s l i p  a t  t h e  s o l i d  
sur faoe  t h e  i n t e n s i t y  of s l ~  f r i c t i o n  To a* any p o i n t  on a s o l i d  
su r f ace  i n  a flowing gas is  given by 
2. = {,A au] p s . /  sq. cm. ay ~ = o  
whore 
p = c o e f f i o i e n t  o f  v i s c o s i t y  
u = v e l o c i t y  componant i n  t h e  73o.undar-y layer p a r a l l e l  
to the surr"ezce 
y = coordina te  n o m l  t o  t h e  sur face  
For t h e  f low o f  gases  a t  temperatures  and p re s su res  a t  which t h e  mean 
f r e e  pa ths  of t h e  gas molecules a r e  small  compared t o  t h o  phys ica l  
dimensions of t h e  system t h e  s l i p  a t  t h e  s o l i d  boundary i s  n c g l i g i b l o .  
The fol lo 'dng d i scuss ions  w i l l  app ly  t o  cases v&ere theso conditions 
a r e  r e a l i z e d .  
The above expression f o r  s2dn f r i c t i o n  i s  v a l i d  f o r  laminar  and, 
beoauso of t h e  ex i s t ence  of  t h e  sublayer ,  a l s o  f o r  t u r b u l e n t  boundary 
l a p r s .  I n  genera l ,  experimnental attempts at measurement of t h e  sk in  
f r i c t i o n  may be c l a s s i f i e d  i n t o  two m i n  typos :  
1. Those which endeavor t o  detem,,ize t h e  conponents of  t h e  
r ig l i t  haad side of t h e  above equat ion ,  
2 .  Those which r e l y  on a bu lk  measurement of  klno s k i n  f r i c t i o n  
i t s e l f ,  o r  sons o t h e r  phys ica l  qi innt i ty  rela-t;ed t o  it. 
1. Skin Fric"c.on 'by tlic Velocit;r P r o f i l e  b'.etilod 
In the  f i r s t  t y p e  of n s a s u r s ~ e n t  t h e  p'rysicizl q * m i t i t i e s  t o  50 
measured a r e  t h e  ~ i s c c s l t y  )A and t h e  volocl ' ty f a  t h e  boundary iaycr, 
u . IChetic theory  and experiment ind ica te  t h e  v i s c o s i t y  c o e f f i -  
c i e n t  t o  be a funct ion  of t h e  absolu te  temperature alone.  Thus f: 
l o c a l  neasuroment of t h e  wall  tonpcraturs (with,  say, a s e n s i t i v e  
themocouple)  i s  s u f f i c i e n t  t o  de f ine  (p) = . The rieasuromnt of  
t h e  vo loo i ty  as n func t ion  o f  t h e  normal coordi.na"c y i s  hmaver a 
more complicatsd procedure. Yoasurome11-t o f  the local. v e l o c i t y  in 
moving f l u i d s  is o::trsnely d i f f i c u l t ;  and up t o  tEis r,;-enen+; 9-im no 
really s a t i a f e c t o ~ ~ r  d i r e c t  mr;tI?ods r x b t  f o r  n?p l i su t i cn  +:f-,c? t . 2 0  03- 
se rva t ion  of high speed flows. Tho only knovm publishad r?ersureric?rrt;a 
o f  l o c a l  v e l o c i t y  o f  i n t e r e s 3 0  f l u i d  mechanics a r e  t h o s e  of  Fago . 
md T O ~ I M B ~ ~  ( e f ,  3 )  who used an u l t r aa ic roscopc  vritfi a r o t a t l n g  ob- 
j e c t i v e  to observe boundary l a y e r  flow i n  a water  channel. For most 
aerodynamic inves t iga t ions  t h e  l o c a l  v e l o c i t y  i s  not  found d i r e c t l y  
but  r e l a t e d  q w ~ t i t i o s  l i k e  dynamic prssaure ,  mass flovr, dens i ty  e t c .  
a r e  measured. To obta in  veloci"cJr from sucl-r measuremnts one requ i re s  
a d d i t i a n a l  i n f o m t i o n  about  t h e  ?low. 
For exanple, consider  t h e  onsa o f  t h e  three most e x t e ~ s i v s l y  
used i n s t r ~ m e n t s ,  the p i t o t  tube,  t h e  hot-wire anornometer and t he  
intorf'erometer. I n  order  t o  obta in  ve loc i ty  &oa t h n  reading o f  a 
p i t o t  tu-ue one must know t h e  l o c a l  s t a t i c  pressure  and  d e n s l t y .  For 
t h e  hot-wire anmoneter  t 'le l o c a l  density i s  requi red ,  ~ 5 i l e  i n f o m i -  
t i o n  about tlie loca l  temperature i s  necessary f c r  t5e interferometer .  
In t h e  case o f  the b o ~ m d a r ; ~  l a y e r ,  t1;eoretical cons idera t ions  borne 
out by experiments, show t h a t  t he  n r i a t i o r -  o f  pressure normal t o  the 
surface i s  negl igible .  On t h i s  assumption t he  experinenta1"detomina- 
t ion  of s t a t i c  pressure i n  t he  boundary layer i s  s h p l i f i e a  t o  a Local 
measurement on t h e  surface, (since the  pressure i s  neasured at  t h e  
w a l l  and i ts  var ia t ion  i s  small the assumption of constcmt p through 
€he boundary layer introduces only second order e r ro rs  in  a skin f r i c -  
t i o n  measurement. ) However, fo r  t he  instruments mentioned above, for  
each determination of veloci ty  one ~ v o u l d  s t i l l  have 50 make a t  l e a s t  
one addi t ional  measurement a p a r t  fron: the  reading of t he  instrument 
i t s e l f  . 
In  determining skin frio-trion frorn tlze slope a t  the  w a l l  of a 
measured vsloci.t;y p r o f i l e ,  e r ro rs  in measuremsnt o f  tho p r o f i l e  d i -  
r e c t l y  a f f ec t  T ,  . A method whioil i s  not  so  sensitive t o  t he  portion 
of  t h e  ve loc i ty  p ro f i l e  i n  t he  imnediate neighborhood of t he  wall i s  
provided i n  pr inciple  by ~ ~ r d n ' s  momenturn h t e g r a l  . The basic con- 
s iderat ion underlying t h i s  i s  the  fact t h a t  the f r i ~ t i o c a l  force on 
t he  surfhoe must appear as  a mmantum de foc t  in the  rest o f  t he  bouna- 
ary l ayer ,  For t he  case of  stead;^ two-dL~erzsiona1 flow pas t  a f l a t  
surfaos one obtains 
where f, , U a r e  the densitv and ve loc i ty  jus t  outside the boundary 
layer  and 8 and 5 are dcfir-a2 by: 
and z i s  t h e  coord ina te  i n  the d i r e c t i o n  of t h e  flow. Severs1  prc- 
f i l e s  in t h e  reg ion  of de te rmina t ion  o f  To would noa-r have t o  be 
measured. This  method not  s e n s i t i v e  t o  e r r o r s  in u c l o s e  t o  
t h e  vmll involves  t he  added complication of knowing U , p,  and 8 
as h c t i o n s  of X .  I t s  a p p l i c a t i o n  i s  more praot ical  i n  the  case  
o f  un i fo rn  flow p a s t  a  f l a t  p l a t e  :\?hen the  p re s su re  g r a d i e n t  i n  .tho 
x -d i r ec t ion  i s  a l s o  zero and t h e  above expression rsduces  t o  
The use of this method does n o t ,  however, c l i r c in l t e  t ho  d i f f i c u l t i e s  
i n  t h e  de te rmina t ion  of v o l o c i t y  fror .  n pressul-e i;r m o n m t w  measurc- 
' Notes on I n s t m e n t s  used in the  b'leasuremont of VePociCy P r o f i l e s :  
A .  The P i t o t  ( o r  To ta l  Head) Tube 
The spec i a l i zed  folm u s u a l l y  used f o r  b o w d a ~ j  l a y e r  measurements 
c o n s i s t s  o f  a small bore tube  (of  t h e  order  o f  0.05n diameter )  w i t h  
i t s  xnouth f l a t t e n e d  out t o  form a narrow rec t angu la r  opening. The 
impaot pres su re  a t  t h e  mouth i s  propor t iona l  t o  ?u2 and is u s u a l l y  
measured on a mercury o r  a lcohol  nanometer. As mentioned before,  i z  
o rde r  t o  obta in  v e l o c i t y  from t h e  r e h d i ~ g  of  such an ins t rument  one 
needs a knowledge of  e i t h e r  o r  7 .  For non-d iss ipa t ive  flows 
wi th  speeds below t h e  speed o f  sound t h e  assumption of i s e n t r o p i c  
dece l e ra t ion  a t  the tubs mouth i s  c i o s e l y  F u i f i i i e d  and the v e l o c i t y  
u i s  r e l a t e d  t o  the impcct u re s su re  p, by t h e  r e l a%ion  
here  
T, = s tagnat ion  temperature 
p = l o c a l  s t a t i c  pressure  
$ = -  Cp , Cp and C v  baing t h e  s p e c i f i c  hea t s  a t  con- 
c v 
s t a n t  pressure  and constant  vo1un.e r e s p c t i v e l y  
Tke s tagnat ion  temperature To be muasured tit aoms convmi- 
e n t  re ference  point  i n  t h e  flow, f o r  example, i n  t h e  case o f  a wind 
t m n s l ,  i n  the r e s e r v o i r  or  s s t t l i n e ;  chmnber. A t  suparsonic speeds 
a shock wave appears in f r o n t  of t h e  tube  mouth and the  ent ropy l o s s  
through t h i s  must be taken i n t o  account.  By assuming t h s  shape o f  
t h e  shock wave t o  be s t r a i g h t  and normal t o  t h o  flow d i r e c t i o n  t h e  
v e l o c i t y  can s t i l l  be ca lcu la t ed  by use s f  t h e  l ~ e l l - k n o ~ ~  Rayleieft 
p i t o t  tube  formula 
d 
where M i s  tho  loca l  &ch numbor jus t  ahead o f  t h e  tube (in front 
of t h e  shock wave) pd the impact pressure  reading of t h e  habe (be- 
hind t h e  n o m l  shook wave). The ttvo p i t o t  tuSe f o m u l a s  become 
i d e n t i c a l  a t  M = 1 . 
For a skin f r i c t i o n  determinat ion w i t h  a p i t o t  tube one 
then  have t o  k n o ~  tho  follovtWsg : 
1. The impact pressure indica ted  by t h e  tube as a funct ion  o f  
y wi th in  t h e  boundary l aye r .  
2. The s t a t i c  g res su r s  a% t h e  poin t  of neasurement. 
3 .  The t enpera tu re  d i s t r i b u t i o n  i n  the boujzdary layer .  
By assuming t h e  einthnlpy -to be constant  through t h o  boundary 
l a y e r  the tenpera ture  ~neasurernent i s  veyy much sirnplif iod but  such 
an assrunption causes se r ious  e r r o r s  i n  th-3 va lue  of t h e  sflearing 
s t r e s s .  A t  h igh  speeds tho  d i s s i p a t i o n  due t o  f r i c t i o n  becomes in- 
c reas ing ly  important and the nssmpt ion  o r  cons tant  To i n  the bound- 
ary l a y e r  i s  n o t  v a l i d  svc-n approximately. kz a2proxinate est imate 
of  t h e  e r r o r  i n  To caused by such an assumption. m y  be r e a d i l y  ob- 
t a ined .  For poin ts  i n  t h e  boundary l a y e r  T a P j  c l o s e  t o  t h e  wall  t he  
flow rmy be considered incompressible so that t h e  p i t o t  tube  rends 
approximately constant through t h e  boundary layer. From t h i s  
For y - 0 , ($ - I )  - 0 and t h e  second t e r n  on t h e  r i g h t  hand s ide  
is  n e g l i g i b l e  a s  compared t o  t h e  f i r s t .  Therefore f o r  small values 
of Y 
Also t h e  v i s c o s i t y  c o e f f i c i e n t  i s  approximately 
p 
so t h a t  the  shear  s t r e s s  a t  +lie mll 
For t h e  t ~ y p i c a l  case of an i n su la t ed  f l a t  p l a t 0  wi th  M 1 1.5 t h e  w a l l  
temperature Tw A O.C5 7, . By using Tw =To t h e  vml2 shoarin; s t r e s s  
i s  sub jec t  t o  e r r o r s  of t h c  order  of 15%. 
I t  i s  i n t e r e s t i n g  t o  note t h e  s i g n i f i c z n t  i:zprovonont i n  accu- 
racy if an ac tua l  measured value of t h o  wa l l  texperclturc T, i s  used 
f o r  t h e  determination of To . The errors in due t o  tempera- 
t u r e  a r e  prac-kically eliminated. Tho rl:ia3h l i m i t a t i o n  rovl i s  i: .,he 
determinat ion of - 
"7 . Due t o  t h e  f i n i t e  s i z e  o f  the, pitoi;  tube,  h dy  
cannot be rneasured r i g h t  up t o  tho  wall.. h o t h e r  e r r o r  introduced by 
the  f i n i t e  s i z e  of  t h e  p i t o t  tube i n  boundary layer measurenents i s  
due t o  tha  -transverse t o t a l  pressure  gradient  in t h e  boundary layer .  
The average indica ted  by the tubo does no t  eorruspond t o  t h e  v e l o c i t y  
nf, tho  center of t2ie tube  but t o  t h a t  a t  some poin t  vshicf-: i s  sk i f tod  
from t h e  cen te r  towards t h e  region o f  higher  ve loc i ty .  I n  o. measure- 
ment of the  v e l o c i t y  p r o f i l e  i n  a given boundary l a y e r  t h i s  e r r o r  i s  
emphasized f o r  po in t s  c lose  t o  t h e  wal l .  For a tube  with a rectangu- 
l a r  opening o f  0.005" t h i s  shift i s  o f  t he  o rde r  of 0.001" i n  a ve- 
d u  
l o c i t y  g rzd ien t  - 6 G 10 f t . / sec .  per foo t  ( r ep resen ta t ive  o f  a 
dy 
t y p i c a l  laminar boundary l ayor  a t  nkch number 1.4 and. Reyriolds nwa- 
6 ber  based on a 10 cm. length  S 10 . Ir, a c t u a l  use the s h i f t  can be 
a p p ~ o x ~ t e l y  accounted f o r   of. 4) .  
B. The Stanton Tube 
The Stanton tube  i s  a modif icat ion o f  t h e  p i t o t  tube which g ives  
an ind ica t ion  of t h e  sheaping s t r e s s  on a suriace.  It c o n s i s t s  o f  a 
smll +&a with a hole its side (see  ske+,c-h); The tube  p ro jec t s  
a  small d is tance  (of  t h e  order  of  0.005") from t'ne su r face  on which 
t h e  f r i c t i o n  i s  t o  50 measured and tho  o ~ e n i n ~  i r i  t h e  side o f  t h e  
tube  f ~ ~ c o s  the d i r e c t i o n  of flow. The end c f  t h e  tube  i s  g romd f l a t  
t o  form a razor  sharp Lip 
with t h e  opening. F o r  a 
distanoe E very  c lose  t o  
the surface  ( t h i s  asrould h u e  
t o  be wi th in  t h e  l a n i n a r  
sublaycr i n  flows w i t h  t u r -  
bulant  boundary l a y e r s )  tve have approximately 
where uc i s  t h e  e f f e c t i v e  v e l o c i t y  corresponding t o  t h e  tube  Tres- 
sure reading and t h e  subsc r ip t  W denotes condl t iuns  a t  t h e  w a l l .  
The surface  tube  may thus  be u s s ~ % l l y  employed f o r  ind ica t ions  of  
chan~es i n  7, (see  Ref. 5 f o r  sxanple of use) .  However, beccdse o f  
t h e  unprecise d e f i n i t i o n  of  t h o  q u a n t i t y  u c  a s  measured by t h e  tube 
and t h e  extreme s e n s i t i v i t y  t o  € , the  he ight  of t h e  tube above t h e  
surface,  t h i s  method i s  n o t  recornended r o r  abso lu te  measurement of To. 
C. The Hot-Ylire Anemometer 
The hot-wire nnemoneter depends f o r  i t s  measursrnent o f  v e l o c i t y  
on t h a  hea t  loss from a very small diameter (of  t h e  o rde r  o f  0.3005") 
x i r e  which i s  heated c l e e t r i c a l l y .  For a givon tomporature d i f f e r -  
ence between.tlze heated wi re  and t h e  surround in^ air the m o u n t  o f  
hea t  t r a n s f e r r e d  i s  p r o p o r t i o n ~ ~ l  t o  the  square root  o f  tile mass f'low 
pu  . In order  t o  f i n d  t he  v e l o c i t y  u from t i a s  nass f'loir one xus t  
know tth dens i ty  p . For t h e  xneasurenent of mean v e l o c i t y  i n  bound- 
ar;.i l a y e r s  a t  low speeds, ~ A e r e  t h e  e f f e c t s  o f  compress ib i l ik j  can 
be neglected, t h e  hot-wire anemoinetsr i s  used as  c a l i b r a t e d  
i n s t m s n t  . Tho cnl  i b ~ a t i o n  i s  performed under control. led condi t ions ,  
f o r  exa-aple, i n  u. w ind  tunnel wi th  a loiv turbukence l e v e l .  Ir? t h i s  
range the s e n s i t i v i t y  and mcumcy o f  t h i s  bLs t rmlont  a r e  we l l  es tab-  
l i s h e d .  A t  h igh speeds t h e  law o f  hea t  t r a n s f e r  d e v i a t e s  considerably 
from t h e  one at lorn spceds. I n  p a r t i c u l a r ,  t h e  e f f o c t s  of  "csnperature 
and d e n s i t y  g rad ien t s  on t h e  reading  of t h e  instrument  ( s ee  Ref. 6 
f a r  some r ecen t  work on t h i s  sub jec t )  under these cond i t i ons  a r e  no t  
y e t  e s t ab l i shed .  Since a hot-wire has  t o  be c a l i b r a t e d  under condi- 
t i o n s  which cannot be e x a c t l y  reproduced dur ing  b o m d a r -  l a g e r  ncas- 
u r e r e n t s  such e f f e c t s  m y  cause l a r g e  cllangss i n  the c a l i b r a t i o n  
cons ten ts .  U n t i l  tilo behaviour of  hot-vaires i n  h igh  speed part,icu- 
l a r l y  supersonic ,  f l o w  i s  we l l  e s t ab l i shed  it i s  f e l t  t h a t  t h i s  in- 
strument i s  unsu i t ab l e  f o r  u r e c i s s  neasuremonts of  boundary l a y e r  
flow a t  h igh  speeds. 
D. I ~ i t e r f a r o m e t e r  
This i n s t rm-en t  measures d i r e c t l y  t h e  change i n  d e n s i t y  w i t h  
re ferenoe  t o  some known va lue  ( see  Ref. 7 f o r  an account o f  t h e  theory  
of ope ra t ion  of t h i s  inetrmer;t;). Since t h a  i n t o r f e r o n e t e r  l eaves  t h e  
f low undisturbed,  it seems, a t  f i r s t  s i g h t ,  t o  be t f r s  idezl i n s t m e r i t  
f o r  two-dimensional boundary l a y e r  measurements . There a r e ,  hosre-vt?r, 
s e r i o u s  l i m i t a t i o n s  t o  i t s  use f o r  such work. These a r e  due t o :  
1. E r r o r s  a rks ing  from t h e  r e f r a c t i o n  o f  t h e  l i g h t  t r a v e r s i n g  
t h e  bo1wn,da,m; layer.  
2. Presence of s i d e  vmll  boundary Payers i n  wind t u n n e l s .  
3 .  Transverse contaizination, pa,r t lzulnr ly o f  laminar  boundary 
l a y e r s .  
The e r r o r s  due t o  r e f r a c t i o n  a r e  q u i t e  complex. A s  a ray o f  
l i g h t  t r a v e r s e s  t h e  boundary layer it t r a c e s  a curved pa th  ins toad  
of  a s t r a i g h t  one due t o  t h e  existence of  ciellsity g r a d i e n t s  i n  %he 
boundary l aye r .  Thus tu-70 types of e r r o r s  a r e  introduced as a r e s u l t  
of r e f rac t ion .  The f i r s t  i s  i n  t h e  o p t i c a l  pa th  length  o f  the  ray 
and t h e  second i n  t h e  pos i t ion  t o  which t h e  indica ted  d e n s i t y  corro- 
sponds. F'urthsr e r r o r s  r e s u l t  from t h e  f a c t  t h a t  due t o  r e f r a c t i o n  
a ray  of  1ip;ht which en te r s  the  tunnel  a t  r ight -angles  t o  t h e  center  
l i n e  l eaves  t h e  t e s t  section. a t  an angle t o  t h ~ :  e x i t  window o r  wall .  
This oauses r e f r a c t i o n  through t h e  window, so t h a t  t h o  l o c a t i o n  o f  
&ha annerarr4- ~ n ; n i n  =f the ray i c  fiArtlzer erpcy. A meye c ~ c ~ 2 l ~ t ~  
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discuss ion  o f  t h e s e  e r r o r s  may be found i n  Refs. 8'and 9. It i s  suf- 
f i c i e n t  t o  n o t e  here t h a t  inves t iga t ions  of tile ma;nitudos of  t h e  
r e f r a c t i o n  e r r o r  shovf t h a t  t h e  indica ted  d e n s i t y  p r o f i l e s  in Soundur j  
l a y e r  measurenents with an in ter ferometer  n:ay be i n  e r r o r  t o  the  ex- 
t e n t  of? approximately 1&. 
The second l i m i t a t i o n ,  t h a t  of  t h e  presence of  tunnel wal l  bound- 
ary l aye r s ,  a f f e o t s  the measured dens i ty  since the in ter ferometer  
beam t r a v e r s e s  bo th  the wnPL dens i ty  f i e l d  a s  w a l l  ns t h e  one baing 
studied. One method of minimizing t h i s  e r r o r  i s  t o  pass the r e f e r -  
ence beam of the in tor fcromster  a l s o  through t h e  t e s t  s e c t i o n  and 
thus  cancel  the e f f e c t  o f  t h e  wa l l  b o m d ~ r y  fa;lrez-8  sf. 10). 
The t h i r d  Limitat ion i s  o f  ?rimary consequents i n  ltxrninar bo.md- 
ary l a y e r  measurenents. It  i s  vsoll-known  of. 11) that e x t o n a l  d i s -  
turbances crm oause, t r a ~ s i t i ~ n  of  1aairi:lr f l o w  t o  t h e  t u r b u l s n t  t ~ype .  
Observations o f  laminar b o u n d s ~ j  l a y e r s  on  I ' la t  p l a t e s  show that due 
t o  t ~ z n s v e r s e  contamination of' t h e  s i d e s  t h e r e  a r e  always regions of 
tu rbu len t  flow. Agah t h e  in ter ferometer  beaq i n t e g r s t e s  t h e  d s n s i t y  
in these  regions  a s  p a r t  of t h e  laminar boundary l a y e r  and hence 
gives erroneous ind ics t ions .  
The above d iscuss ion  shows t h a t  accura te  :riansurement of dens i ty  
fn  a boundary l a y e r  w i t h  an in ter ferometer  i s  f a r  f r o m  s inp le .  Ap-- 
proximate methods o f  co r rec t ion  have been devised by var ious  workcrs 
( ~ e f s .  8, 9 and 12) .  It  i s  f e l t  t h a t  t h e  tachaiques so f a r  develops& 
a r e  inadequate, p a r t i c u l a r l y  f o r  tak ing  t h e  ratlxer se r ious  r e f r a c t i o n  
error  i n t o  account. I n  add i t ion  t o  theso  d i f f i c u l t i e s  i n  the measups- 
men* of r3ensit.y m a  s t i l l  !I- t h e  basic prsSIem, r n e ~ t i m z d  bzfore, sf 
obta in ing  v e l o c i t y  from t h e  reading of t h e  instrument.  Knowing P , 
one s t i l l  needs t h e  d i s t r i b u t i o n  of the s t a t i c  t enps ra tu re  through 
t h e  boundary l a y e r  fo r  a  ca lcu la t ion  of u . One may procscd t o  use 
t h e o r e t i c a l l y  ca lcu la t ed  temperature d i s t r i b u t i o n s  i n  t h e  boundary 
l a y e r  (e.g. i n  Ref. 1 3 )  o r  a l t e r n a t i v e l y  use a p i t o t  tube t o  supple- 
ment t h e  in ter ferometer .  In t h i s  connection t h e  use of a total .  head 
tube i s  considered t o  be improvement over tile f i r s t  method of  as- 
suming t h e o r e t i c a l  d i s t r i b u t i o n s  o f  tem?eru2;ure i n  t h e  boundary layer, 
and using t h e  in-berferometer as a g r i m r y  ~ e a s u r i . r ~  instrument.  The 
reading of  a p i t o t  tube ( a p a r t  from e r r o r s  duo t o  f i n i t e  s i z e )  i s  pro- 
por t ional  t o  p ~ '  and, f o r  a l l  p r a c t i c a l  purposes, i s  independent of 
t h e o r e t i c a l  assumptions. Gence t h i s ,  w i th  accura te  i n d e ~ e n d e n l  
measurement o f  p , should give a f a i r l y  r e l i a b l e  determination o f  
the vslocity-.  
2. Ueasurement o f  Skin F r i c t i o n  by D i r e c t  Met!~ods 
Tho above d i scuss ions  sho1.i t ha t  sxpsr imontal  d e t e r n i ~ i a t i o ~  o f  
skin f r i c t i o n  by t h o  i n d i r e c t  nothod of ve1ocit.j d i s t r i b u t i o n  m a s -  
urement i n  t h i n  boundary layers i s  s u b j e c t  t a  many e r r o r s .  The 
shearing s t r e s s  'Lo has t o  be determined by difforori"iation, e i t h e r  
o f  measured v e l o c i t y  p r o f i l e s  o r  o f  slowly varyhg p n m n e h r s  ( the 
l o s s  of  monentuq i n  t he  boundary layer 1. &em when t h e  q u m t i t i e s  
t o  be d i f f e r e n t i a t e d  a r e  thcrnsclves xeasurod compnrati.sely a c c u r a t e l y  
the r e s u l t s  of  d i f f e r e n t i a t i o n  can be q u i t e  inaccura te .  
The second type of sEa f r i c t i o n  measura~mnt,  r e ly ing  on a d i -  
r e c t  o r  b u l k  measurenen-t;, may be nerformed i n  p r i n c i p l e  i n  two m y s .  
(a) By a h e a t  t r a n s f e r  measurement. 
(b) By a d i r e c t  force  de t e rx ina t ion .  
A.  Skin F r i c t i o n  by a Heat Transfer  ilouawemnt 
The f i r s t  method depends on t h e  R e y n o l d s h n a l o g y  bcttfeon the 
t r a n s p o r t  of momentum and t h e  t r ~ ~ n s f e r  oi" hos t .  If q, i s  t h o  h e a t  
flow pe r  unit tine sfroni a unit a r e a  cf t h o  su r f ace ,  m d  k i s  t h e  
h e a t  oonduc t iv i ty  o f  t h s  f l u i d ,  then 
where 7 i s  the l o c a l  temperature.  The analogy xit21 tile express ion  
f o r  the i n t e n s i k y  o f  s k i n  f r i c t i o n  5s a t  once apparent. For the case 
CP P 
- i t h e  temperz- o r  two-dhorrsional ?low w i t h  7;ilo Prand+,l nurnS-sr -k 
kure T i s  a parabolic  h c t i o n  of -5hc v e l o c i t y  u ulone. In  such a 
caso the Iiont  f low qo and $ 1 1 ~  ~ ~ 1 1  shonr ing stress To may be ex- 
p l i c i t l y  r e l a t o d  by o.n express ion    sf. P) of  the form: 
v~he re 
7, = temperature of f ree  stream, Tw 9 wall temperature 
U = ve loc i ty  of f r e e  s t r eaa  
M I  = Mach number of f ree  stream 
In tho above re la t ion  assumptions ol" laminar flow and equal 
orders of magnitude fo r  tho viscous and t h e m 1  boundary Payers a r e  
inherent. It i s  e a s i l y  seen t h a t  est imates of skin f r i c t i o n  ch be 
obtained by measurernont of qo and ti lo other quan t i t i es  involved. 
For cases when t he  PrCmdtl nunber d i f f e r s  f ron  un i ty  but i s  constant 
and the flow i s  turbulent  s imilar  r e l a t i ons  between the  heat  t r ans f e r  
-d t he  skin f r i c t i o n  m y  be derived ( ~ e f .  14) .  These r e l a t i ons ,  how- 
ever, a r e  no t  exact and although they do indicate  t he  existence of a 
re la t ionsh ip  between qo and To , they are by themselves not  re l i ab le  
enough t o  fom t h e  basis  of measurements f o r  To . In such cases c a l i -  
bra t ion procedures have t o  be r e l i ed  upon. B. Ludwiog  s sf. 15) has 
succtessf'ully used t h i s  pr inciple  f o r  t he  rrieasurement of w a l l  shsaring 
s t r e s se s  in turbulenf flows a t  low speeds. His ills%rw:?nt consis ts  
of a small e l e c t r i c a l l y  heated e i e ~ e n t  Plush wit11 ';he surface on which 
t h e  measurement i s  t o  be made and t'?emall;r insulated from it. q, i s  
measured by the amount of e l e c t r i c a l  energy supplieri t o  tho oloment. 
Thn tm.peretl~res of' t h e  e l m e n t  and t h e  f r ~ a  stranrr, arcj neas-itrei: Sy 
tnernooouplss. I t  must be p o h t e d  o u t  that i n  t h i s  case tho general 
r e l a t i on  be-tween go and 2, nust  be modified to account f o r  t he  fact 
t h a t  the t h e m 1  laysr and the f r i o t i o n  laysr cio not o r ig inz te  a t  the 
same point .  Ludweig c a l i b r a t e d  h i s  instrument b : ~  mcasurexents o f  q ,  
w i t h  lcno~vn va lues  of the  f r i c t i o n  fo rce ,  so thaJ; h i s  measure:xents aro 
n o t  a f foc tod  by t h e o r e t i c a l  assumptions on t h e  r e l a t i o n  betmen To 
and qo . The use of t h i s  type  of instrument f o r  high speed flow in-  
v e s t i g a t i o n s  k s ,  however, one se r ious  drawback. It i s  extremely d i f -  
f i c u l t  t o  provide h a m  shearing s t r e s s e s  f o r  c a l i b r a t i o n  purposes. 
For ins tance ,  it i s  no longer poss ib le  t o  use  t h e  'known r e l a t i o n  a t  
low s p e d s  between pressure drop i n  a two-dimensiolial channel and the  
shearing s t r e s s  on t h o  ~ v a l l s .  Furthermore, it i s  open t o  quest ion 
whether a heat  t ransfer  instrument c a l i b r a t e d  i n  flows wi th  f u l l y  de-  
veloped turbulen-t; boundary l n y e r s  m i  bo used f o r  t h e  measurement of 
sk in  f r i c t i o n  i n  laminar flows, and v i c e  versa .  On aocourlt of these 
d i f f i c u l t i e s  it was f e l t  t h a t  a method measuring t h e  shea r  force  d i -  
r e c t l y  would be super ior  t o  t h e  hea t  t r a n s f e r  metk~od. 
B. D i rec t  Force LFleasurement 
In p r i n c i p l e  this method i s  ve ry  simple. The f r i c t i o n a l  fo rce  
is allowed to move a s m a l l  element of  t h o  surface  in t h a  direction 
of  the flow, and aga ins t  soma rest or in^ force.  This  movement i s  
c a l i b r a t e d  t o  indicate t h e  m g n i t u d e  of *he force.  This motllod was 
used by early inves t iga to r s  l i k e  Froade and Kcrnpf i n  d e t e r m i n i n ~  t h e  
f l u i d  r e s i s t a n c e  or" bodies i n  water.  A more recent  app l i ca t ion  i s  
t h a t  of  Shulke-Gmozv ( ~ e f ,  161, xho used it f o r  moas-menants o f  To 
ir. a low spasd wind twael. 51~1~~3 %his r?athad d m s  a ~ t  r e l y  cn any 
phys ica l  assumptions regarding %he n s t u r e  of t h e  bo~w.dary lager flow 
it i s  inherently very s u i t a b l e  f o r  su r face  f r i c t i o n  measumxents. 
Thsre a r e ,  however, s9vero.l d i f l i c u l t i e s  m d  poss iSle  sources o f  
e r ro r  i n  the  actual  use of this principle ,  especia l ly  for applications 
t o  supersonic flow. Tno moving olenent has t o  be separated from the  
rest o f t h e  surface by small gaps. These may cause clrlanges in the  ve- 
l o c i t y  md pressure d i s t r ibu t ion  i n  t h e i r  immediate vicinity and so 
falsify the masurements. Again, f o r  local neasurements tho force 
element has t o  be very small conpared t3 t he  dfmcnsions of the  body 
on which the f 'riction measurmsnts a r e  t o  be made. This i s  of special  
importance in cases wliere there  a r e  l a rge  pressure gradients in the 
di rec t ion  of flow. The magnitude o f  t h o  f r i c t i o n  forces  011 a s m a l l  
element a r e  bound t o  be small (see section I V )  so that the force meas- 
uring mschanisn - i s  to be extremely sensitive. Invsstigstions of 
these difficulties (see sect ion 111) showed that nevertheless the  d i -  
r e c t  force measurement method ms quite feasible and practical. See- 
t i o n  IV describes an instrument dasigned on t h i s  p r h c i p l e  f o r  usa i n  
the GALCIT 4" x 10" Transonic Wind Tunnel. 
111. IIWESTIGATIONS OF THE DIRECT FORCE F~SURETtEIJT PdETIiOD 
1. XBeasurenen-t of S m l l  Forces (o f  the order  of  100 ni l l igrauns)  
The common f e a t u r e  of a l l  methods usua l ly  employed i n  t h e  meas- 
urernan-t of small fo rces  i s  t h a t  tlroy u t i l i z e  a smll l i n e a r  o r  angular  
movamen% produced by tine fo rce  aga ins t  some ;ncc'r~tw-ical r e s i s t ance .  
The a v a i l a b l e  methods are :  
1. Bechmica l  devices atilizing t h e  torsion of a fhe w i r e .  
2. O p t i o a l  Methods 
3. Resistance wire gages. 
4. Reactance gages. 
Tho mechanical t o r s i o n  -xire i s  e s s e n t i a l l y  very  simple and is 
u t i l i z e d  extens ive ly  inn laboratory- measurements o f  smll forces  ( a  .g . 
surface t ens ion  of l i q u i d s ) .  Eov~evor, a t e s t  set-up shaved t h a t  it 
could n o t  be used i n  t h e  present  case wi thout  complicaksd lever  sys- 
toms which  would des t roy  the s i m p l i c i t y  and accuracy o f  tho  mothod. 
Among t h e  o p t i c a l  metllods t h o  use of  interferoinetry f o r  t h e  ae- 
cura te  measurement of small displacements i s  well-knosm. The extreme 
ssnsitivity o f  t h i s  method, however, r equ i re s  v i b r a t i o n  f r e e  supports 
f o r  .the o p t i c a l  e lenents  and makes tho  p r a c t i c a l  app l i ca t ion ,  in a 
case l i k e  t h o  prosent ,  extrei lely d l f f  icu1"c .Other poss ib le  o p t i c a l  
methods would include t h e  use of o p t i c a l  l e v e r s  t o  magnify s m a l l  angu- 
la r  changes and, perhaps, the  diffraction or nonochrolnatic l i ~ h t  
through a narrow slit. Actual jn-sest igct locs usin5 t hese  methods 
showed t h a t  ulthougf~ extrclncly simp10 t n  use they no t  accurate 
enough. 
The res i s t ance  s t r a i n  gage, extensively used i n  experinontal 
s t r uc tu r a l  analys is  and recent ly  i n  w b d  tunnel  ba lmce  syste:rts, 
works cn the pr inciple  t ha t  a chanso i n  s t r a i n  in a fins conducting 
i s  accompanied b y  a ch&?so i n  t he  e l e c t r i c a l  r es i s t ance  of t he  
wire. Since the  percontags cl:at;~e i n  r e s i s t a i c e  i s  or' t i le s m e  order 
of  magnitude a s  t he  percentage change i n  s t r a i n  and since t h e  res i s -  
taqce i s  a l s o  a function o f  t h e  tomperature ratlior e laborate  c l oc t r i -  
c a l  equipment i s  necessary f o r  precision measurements with t h i s  t ype  
of  gage. A t e s t  apparatus sl~ovred that; r1~inl.g due t o  t saporature  ef- 
f e c t s  the  resistarrce s t r a i n  gage avas not  r e l i ab l e  enou;h For the  de- 
I beImrIlar;loii - -  1 1 of' f r i c t i o i i  foi=ces of t h e  order of' 108 . i i l l i g ~ - ~ n ~ ,  
The reactance type gage i s  s imi la r  t o  the  resistar-ce gage inas- 
much as it a l s o  employs a mechanical movsnent t o  produce n corres-  
7onding change i n  m e l e c t r i c a l  quanti ty.  Eowever, in  t h i s  case, it 
i s  poss ible  f o r  tne peroent change i n  renctanee t o  be several  hundred 
times the  percent mechanical change. Tho change i n  roactance can thus 
ba e a s i l y  and accurate ly  measured. The par t i cu la r  form o f  reactance 
gage, o r  pick-up, choserz f o r  the  present  appl ica t ion i s  a small var i -  
able  transformer m u f a c t ~ z e d  commercially. Tha s i z e  ~aci cllamcter- 
i s t i c s  (Ref. 17)  of t h i s  t rmsformes make it very convsnimt f o r  use 
i n  t h e  present applicat ion.  
2. ZfYec% of Gaps 
The gaps between the surface o f  the f l a t  p l a t e  and t he  force e le-  
ment cannot be permitted to have any i'Eotv through them since t h i s  
would cause a ser ious  disturbance i n  t he  bound&q layer .  In the  case 
o f  supersonic flow t h e  s l o t  d i s tu rbances  m y  cause shock mves and,  
so,  e r r o r s  i n  t h e  f o r c e  measurenents. In  order  t o  i n v a s t i g a t e  t hese  
e f l e c t s  t e s t s  were made on f l a t  p l a t e s  wi th  s l o t s .  A s l o t  wid th  o f  
0.01" was used t o  s tudy  t h e  e f f e c t s  in supersonic flow. This  s l o t  
s i z e  was chosen a s  boirig a  p r a c t i c a l  on5 f o r  a c t u a l  u se  i.n +he in -  
strument t o  b e  dweloped .  Figs .  1 and 2 a r e  h igh  speed spa rk  
Sch l i e r en  photograyhs of t h e  flow on t h e  su r f ace  ~f t h e  p l a t e .  No 
d i s tu rbances  could b e  de t ec t ed  when t h o  flow was vievsed i n  t h e  
Sch l i e r en  system by coiitinuous l i g h t .  In Fig. 1 t h e  p l a t e  his a 
laminar  boundary l a y e r .  In t h e  case  o f  Fig. 2 t h e  boundary layer 
-- , . . - , - . 1 - . *  
wms nmuw -curoLlrenG v i i t h  a O.01" diameter  piano wi re  s t r e t c h e d  on t h e  
s u r f a c e  of t h e  p l a t e  ahead of t h e  s l o t s .  The laminar  boundary photo- 
graph i n d i c a t e s  no d e t e c t a b l e  d i s tu rbances  duo t o  the  presence o f  the  
s l o t s .  In t h o  tu rbu len t  case,  t h e r e  being a s t e e p e r  v e l o c i t y  g rad i -  
e n t  a t  t h e  p l a t e  sur face ,  t h e  f l o w  i s  more s u s c e p t i b l e  t o  d i s tu rbances  
and v e r y  f a i n t  vraves can be seen  t o  o r i g i n a t e  a t  t h o  l o c a t i o n  o f  t h e  
s l o t s  ( ~ i g .  2 ) .  In o rde r  t o  e s t h t e  t h e  s t r e n g t h  o f  t h e s e  waves at- 
tempts  were made t o  measure t h e  p re s su re  r i s e  through them by means 
of  a 0.04" diameter  s t a t i c  p re s su re  t u b e  and an a lcohol  ~ o m e t o r .  
No i n d i c a t i o n  o f  p re s su re  v a r i a t i o n  could ba obtained.  S ince  pre- 
v ious  experience w i t h  s i m i l a r  p re s su re  probes (9ef. 18 )  has shorn $he 
instrument t o  be an extremely se l~s i t i i vo  one, it 7:$as concluded tEmt 
t h e  e f f e c t  o f  t ' v i e  s l o t s  was n e g l i g i b l y  s m l l .  This e f f e c t  w . s  f i r then .  
i nves t iga t ed  by a d e t a i l e d  explorat iol?  of velocity p r o f i l e s  i n  t h e  
v i c i n i t y  of a sample s l o t .  The p r o f i l e s  on a f l a t  p l a t e  w i t h  a r e l n -  
t i v o l y  l a r g e  slot o f  about  0.2 cm. were neasured w i t h  a 0.0005" 
diameter platinum hot-illire. Sinca the bouncicnry layers a t  high speeds 
are too th in  t o  allow m accurate determination of veloci ty  2rofiles 
these measurements were made i n  a low speed cllmnel so tha t  boundary 
layers were re la t ive ly  t h i c k  and t h e  h ~ t - ~ ~ i r a  ~nensurcncnts quite ac- 
curate. In  order t o  r e t a in  soslc 'neasure o f  dynamical s imilar i ty  with 
the s lo t  i n  the high speed -k~.~ryiel the Reynolds nuzber (cpproxi~ate ly  
800 referred t o  frce stream velocity and density) based on t h e  slot  
width tvas approximately the same in .the bvo cases. The resu l t s  of 
these measurenents are  shown i n  Fig. 3 .  Tha slo?e o f  the vcloclty 
profiles i n  t:m v ic in i ty  of t h e  s lo t  rind lzence t h e  silerriny s t ress  i s  
essent ial ly  ~ ~ n n l t e r e d  by ths pressnee of tho s l o t .  Tho szizll change 
i n  the free stream veloci ty  indicated by the profi les  i s  due 'co the 
? la te ' s  losation in a r e ~ i o n  of s l ight ly  retnrded flo-tv. This has no 
ef fec t  on the wall shearing s t ress  i n  t h o  region o f  measureinent, It 
i s  interesking t o  note tha t  the veloci ty  . p r o f i l e  measured i.r, %I-to gap 
shows a small f i n i t e  velocity e-5 the wall bevel but; the sEo?e of' t h e  
r e s t  of the profi le  i s  not sensibly affected. The profi le  just be- 
hind the s lo t  does not indicate aay change o f  To us  would be the 
. '  
case i f  the proseme of the s lo t  tvere causing a disturbance. The ve- 
l o c i t y  profi les  shown i n  Fig. 3 are for  a tu rbu lmt  boundary layer on 
the f la t  plate. The ef fec t  cl" the gap on n surPaco w i t h  Imina r  
boundary layer vsould be even s~nal l s r .  
IV. THE SHYXYTI?G STRESS IlGTRU89EIPT 
1. Design Requirements 
A. Tlie instrmment i s  t o  be used : ~ r i n a r i l y  f o r  4x0-dine~sional  
'J 
neasureimnts i n  t he  G U C I T  4" x LO" T ~ r ~ ~ ~ z o o n L c ,  ' ~ ' $ 5 ~ 6  Tmnei ( s e e  R e f .  
18 fo r  descr ipt ion) .  The small s i z e  of tho t e s t  sect ion Z e m d s  t h a t  
t11e measuring i n s t m e ~ t ,  be o f  extrercoly small d-b-ensigns i n  order t o  
avo i d  choking the t-mnel . 
B. The force measuring system musY'bo sensit ive enouch t o  meas- 
ure the skin  f r i c t i o n  forces  on u. f l a t  surface with both lminr?r  and 
turbulent  boundary layers.  In tllzc avai lable  Illach n m b o r  and Reynolds 
number range (lkdach number ; 0.7 t o  1.5 and Reynolds r.mber/cr?. & 10' 
t o  1.7 x lo5) t h i s  corresponds t o  friction s t r e s se s  r m g i q  from about 
100 mg./sq. cm. Lo 10 e;m./sq. cm. 
C. The novinz elernent and t he  surrounding p l a t e  must a t  a l l  
tiinos be a t  t he  same level .  &en small inc l ina t ions  of the  eionsnt 
( o f  t h e  order of l/SOth o f  a degree) would in%roduce appreciable 
e r rors  i n  t h o  measured forces.  
D. Tho instrument readirsgs m s t  be innme to tempersture changes 
and vibrat ions  from t h e  t m o l .  
2. Description 
The inetnmerit developed i s  shorn schemtlcni ly  in Fig. 4. Tho 
s ~ a l l ,  2 m. x 20 im,, moving slemont i s  lapped  f lush  .vvitk; t he  surface 
o f  the a p p r ~ x i m t e l y  15 en. long ?lat p la t e  on v~hich t1:e necsurer.ients 
a re  t o  be xxidc. me e l e ~ e n t  i s  supporired by E f laxuse lirringe. This 
i s  s p e c i a l l y  designed f o r  p a r a l l e l  tr~-?sl?.tion so tha t  4uri.n; i t s  m- 
t i on  t h e  elemelit remains p n r a l l e l  t o  the  p l a t s  sur?&ce mid a t  the  s a m  
l evc l .  The r t c t = ~ u l a r  s l o t  in t h e  p l a t 0  t;-irougl~ ;i!ilch t h e  f o r c e  $10- 
ment i s  oxposed t o  t h e  f l o w  his accura te ly  lapped s ides .  The gape a t  
t ho  leading and t r a i l i n g  edges o f  tp.a moveble e1e:rzen"cal-e about 0.005'' 
and O.Oln respect ive ly ,  The movement of t h e  e l snen t  i s  conveyed by 
t h ~  121ihge system t o  t h e  i ron  core  cf the  s ~ z a l l ,  5/16" diameter 7 / 1 ~ "  
l o n ~ ,  v a r i a b l e  t r a n s f o m e r  by neans of  a  on-coliducting rod.  This 
t r a ~ l s r o m e r  ( ava i l ab le  comnerically f r o 2  Sc l~aev i t z  F n ~ k c e e r i n g ,  Cmdozl . 
New Je r sey)  c o n s i s t ; ~  of 3h roa  ~ o - ~ u r i o l  c o i l s ;  on9 : ~ r i r ~ & ~  cad two 
mr 
secordaries. lnc p r ix~ary  c o i i  i s  oaercized ~ i i t i n  hig!i f'requerzcy (a?- 
proximately 20 k i locyc les )  A , C .  so t i l n t  t Y L e  s o l e n 2 i d n l  Tcrce on tile 
core i s  e f f e c t i v e l y  eliminated. Tile output  oE t h o  seeoncaries  con- 
nocted i n  opposi t ion  i s  a funct ion  of thc. core p o s i t i o n ,  Tile sznsf- 
t i v i t y  i s  of t h e  order o f  0.03 v o l t s  per O.OOftt core displnconent a t  
5 v o l t s  input  t o  t h e  p r k r j .  T lz i s  ozltpert: is l:~:*ge ezough Tor the 
de tec t ion  of core displacements o f  l e i s  than O.0OOEn. There being no 
physical  contact between the core and t h o  o o i P s  t h e r e  a r e  no e r r o r s  
introduced by f r i c t i o n .  Temperature clzunges o f  + 20'~ haao no e f f ec t  
- 
on the output of t h e  t s m s f o r n e r  a d  t he  ,tilink syste:? i s  desl,ned so 
t h a t  t h e m a l  expansions of va r ious  p a r t s  do no t  affect; t h e  co re  posi- 
t i on .  The poss ib le  e f f e c t  o f  exkemai v i b r a t i o n s  on t l io i n s t n m m t  
is  two  f o l d .  (a) To make tho  t r a n s f o m ~ r  core osc i1 lc - t ;~  find (b) t o  
e f f e c t i v e l y  d isp lace  t h o  core. The f i r s t  de fec t  i s  remedied i n  the 
design bp viscous d a n p i n ~  anci the  ssrjorrd by d is t r i?>ut i l ig  t h e  mass of 
t h e  o s c i l l a t i n ~  sgster: so tht i t s  c e c t a r  o f  g r a v i t y  coinc ides  
approxiqa te ly  vrith its c e n t e r  of percussion. The f o r c e  range o f  t ho  
bs t r~ r t en .1 ;  can be varfod by changing the l i n k s  kn the Flexure suspen- 
s i o n  of tho moving element. For t h e  p re sen t  purpose t h r e e  sets  o f  
l i n k s ,  0.005", O.01" m d  0.025" th i ck ,  provide a force range from 
about 10 mg. t o  10 gm. C a l i b r a t i o n  of t h o  ins tnunent  i s  obtained by 
means of  a pu l l ey  arrangement w i t h  jewel bearings and small  weights .  
A sampla c a l i b r a t i o n  curvo i s  shown in Fig. 5. The f l e x u r e  l i n k s ,  
moving element, t ransformer  and t h e  dampin2 systorn a r e  a l l  enclosed 
in a streomlined windshield whiclz i s  t-cntod t o  t h e  lower su r f ace  of 
the f l a t  p l a t e .  This  s e rves  t o  equa l i ze  t he  pressure  on t h e  t w o  
q i d e c  of f&e gaps thus  prsv=ntin,~ ~ y y  flo';: t h r o ~ g f i  them. The total ---..- 
f r o ~ t a l  a r e a  o f  t h o  i n s t m e n t ,  exoludinf: t h e  f l a t  p l a t e ,  exposed t o  
t h e  f low i s  1/4" x 2 1/2". 
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FIG. 5 
CALIBRATION OF 0.010" LINKS 
LINEAR DISPLACEMENT OF CORE FOR 1000 MGM. = 0.007~' 
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